The current-voltage characteristics of organic heterojunctions ͑HJs͒ are often modeled using the generalized Shockley equation derived for inorganic diodes. However, since this description does not rigorously apply to organic semiconductor donor-acceptor ͑D-A͒ HJs, the extracted parameters lack a clear physical meaning. Here, we derive the current density-voltage ͑J-V͒ characteristic specifically for D-A HJ solar cells and show that it predicts the general dependence of dark current, open-circuit voltage ͑V oc ͒, and short-circuit current ͑J sc ͒ on temperature and light intensity as well as the maximum V oc for a given D-A material pair. We propose that trap-limited recombination due to disorder at the D-A interface leads to the introduction of two temperaturedependent ideality factors and show that this describes the dark current of copper phthalocyanine/C 60 and boron subphthalocyanine/C 60 cells at low temperature, where fits to the generalized Shockley equation break down. We identify the polaron pair recombination rate as a key factor that determines the J-V characteristics in the dark and under illumination and provide direct measurements of this process in our companion paper II ͓N. C. Giebink, B. E. Lassiter, G. P. Wiederrecht, M. R. Wasielewski, and S. R. Forrest, Phys. Rev. B 82, 155306 ͑2010͔͒. These results provide a general physical framework for interpreting the J-V characteristics and understanding the efficiency of both small molecule and polymer organic, planar and bulk HJ solar cells.
I. INTRODUCTION
The current density vs voltage ͑J-V͒ characteristics of organic semiconductor heterojunctions are often similar to those of inorganic p-n junctions. As a consequence, theoretical treatments based on the generalized Shockley equation 1, 2 originally derived for inorganic devices, have been extended to model the operation of organic solar cells. [3] [4] [5] [6] This phenomenological approach often yields a reasonably accurate description, although it fails in some cases and obscures the inherently different physics of organic semiconductors whose understanding would lead to a richer, more rigorous picture of these structures. In particular, the Shockley equation is derived for inorganic p-n junctions with welldeveloped energy-band structure where thermal and optical excitation results in delocalized free charge carriers. In contrast, organic semiconductors are generally characterized by hopping transport and tightly bound, localized exciton states that require significant energy to dissociate into free charge carriers.
Here, we derive the ideal diode equation specifically for the case of organic heterojunctions ͑HJs͒. Explicitly treating polaron pair generation, recombination and dissociation at the HJ, we develop a current-voltage characteristic similar in form to the Shockley equation 7 but differing in several key aspects. In particular, it predicts the temperature dependence of the dark current, the intensity and temperature dependence of the open-circuit voltage ͑V oc ͒ and short-circuit current ͑J sc ͒, and the maximum V oc attainable for a given small molecule or polymer HJ material pair. Additionally, we propose that the diode ideality factor arises from recombination via disorder-induced traps at the heterointerface, and analytically treat the case in which these traps have an exponential energetic distribution extending into the energy gap between the highest occupied ͑HOMO͒ and lowest unoccupied molecular orbitals ͑LUMO͒. The model is applied to data obtained for two archetype, planar HJ organic photovoltaic cells composed of copper phthalocyanine ͑CuPc͒ and boron subphthalocyanine chloride ͑SubPc͒ donors and a fullerene ͑C 60 ͒ acceptor.
This paper is organized as follows. Section II details our theoretical approach and derivation of the ideal organic heterojunction diode equation for both the trap-free case and that involving an exponential trap distribution. Experimental methods are given in Sec. III, and model results along with device data for CuPc/ C 60 and SubPc/ C 60 cells are presented in Sec. IV. In Sec. V, we evaluate the model within the context of the data and discuss its implications for organic solar cell efficiency. Conclusions are presented in Sec. VI. In the companion paper II, 8 we provide direct experimental support for our physical assumptions by presenting observations of polaron recombination dynamics at these heterojunctions.
II. THEORY

A. Current-voltage characteristics in the absence of traps
Our treatment assumes that current is governed solely by generation and recombination at the heterojunction and that both processes proceed through the polaron pair ͑PP͒ intermediate state. The average polaron pair separation, a 0 , thus defines the "volume" of the heterojunction region, as shown in Fig. 1͑a͒ . Current outside of this region is unipolar with pure hole and electron currents flowing in the donor and acceptor bulk, respectively.
The schematic in Fig. 1͑a͒ also defines the energetics, where the interfacial gap, ⌬E HL , is the difference between donor HOMO and acceptor LUMO along with any shift due to formation of an interface dipole. The hole and electron injection barriers at the anode and cathode are a and c , respectively, again including any interface dipoles, and the built-in potential of the device is given by the corresponding difference in contact work functions: V bi = WF a − WF c . Figure 1͑b͒ shows the processes that occur within the HJ volume. The recombination of polaron pairs is described via
and for free carriers:
where steady-state conditions are assumed. Here, is the PP density, J X is the exciton current density diffusing to the interface, J is the charge current density flowing through the device, q is the electron charge, and n I and p I are the interfacial free electron and hole densities, respectively. Definitions of important variables used in this section are summarized in Table I .
Polaron pairs recombine to the ground state at rate k PPr , which is also linked to the thermal equilibrium PP population, eq , determined by detailed balance. 9 Polaron pairs dissociate at rate k PPd , which is a function of temperature and the electric field at the interface according to the OnsagerBraun model 10 ͑see Appendix͒. Finally, free carriers bimolecularly recombine to form PPs with rate constant, k rec , approximated by its bulk Langevin value, q tot / . 11, 12 Here, tot is the sum of the electron and hole mobilities in the acceptor and donor layers, respectively, and is the average permittivity.
Solving Eq. ͑1͒ for the PP density and substituting the result into Eq. ͑2͒ gives
where we have used eq = k rec n I,eq p I,eq / k PPd,eq from Eq. ͑2͒. The subscript eq indicates the thermal equilibrium value in the absence of bias or illumination. Similar to the Shockley equation, we assume quasi-equilibrium. Hence, the carrier densities at the interface ͑n I , p I ͒ and contacts ͑n C , p C ͒ are related via
where ␦ D + ␦ A = 1 are the fractions of the potential dropped across the donor ͑D͒ and acceptor ͑A͒ layers, respectively. Here, V a is the applied bias, k b is Boltzmann's constant, and T is the temperature. These relations are strictly valid only when J = 0, but are a good approximation at low current when J is much smaller than either of its drift or diffusion components. Use of Eq. ͑4͒ in Eq. ͑3͒ yields
where PPd = k PPd / ͑k PPd + k PPr ͒ is the PP dissociation probability. 10, 13 Assuming detailed balance of the charge density adjacent to an injecting contact, 14 we write
where N LUMO is the density of states ͑DOS͒ at the acceptor LUMO and F c is the electric field at the cathode contact. The analogous relation involving the injection barrier, a , ͓see Fig. 1͑a͔͒ , is the energy difference between the highest occupied molecular orbital energy of the donor and the lowest unoccupied molecular orbital energy of the acceptor. Current is unipolar in the donor ͑J p ͒ and acceptor ͑J n ͒ layers and is determined from generation/recombination in the HJ region, roughly defined by the spatial extent, a 0 , of the polaron pair distribution at the interface. ͑b͒ Processes occurring within the HJ region. Excitons diffuse, with current density, J X , to the HJ and undergo charge transfer to form polaron pairs. These may recombine, at rate k PPr , or dissociate with rate, k PPd , as determined by the Onsager-Braun model ͑Ref. 10͒. The current density, J, contributes to the interfacial free electron ͑n I ͒ and hole ͑p I ͒ densities, which bimolecularly recombine to form polaron pairs at rate k rec .
here. Thus we arrive at the ideal diode equation for an organic HJ in the absence of traps
where ⌬E HL = a + c + qV bi from Fig. 1͑a͒ . Note that this equation carries an implicit dependence on temperature and the interfacial electric field through k PPd ͑F I , T͒, and consequently PPd ; the solution for these terms is provided in the Appendix.
In the absence of illumination ͑J X =0͒, Eq. ͑7͒ represents the ideal organic HJ current density-voltage relationship. Compared to the Shockley equation, the prefactor of the bracketed term is analogous to the dark saturation current ͑called J s0 here͒, whose temperature dependence is predominantly exponential in ⌬E HL . 7 For V a Ͻ 0, the interfacial field is high and aids dissociation. Thus, k PPd grows larger than k PPd,eq and the reverse saturation current increases with increasing reverse bias, as typically observed in organic HJs. 4, 6 Under forward bias, k PPd is similar to or less than k PPd,eq and the current density increases exponentially with an ideality factor n = 1. In this case, Eq. ͑7͒ reduces to the familiar
frequently used to model organic HJ solar cells. As expected, the photocurrent ͑last term on the right͒ is directly proportional to the PP dissociation efficiency, which diminishes with increasing forward bias. Solving Eq. ͑7͒ for the open-circuit voltage gives 
where max is the maximum PP density that can be sustained at the interface ͑i.e., all states are occupied͒. According to Eq. ͑10͒, the maximum possible opencircuit voltage, V oc max , is equal to the interfacial energy gap, less the polaron pair binding energy. This expression is analogous to those previously suggested by Rand et al., 5 Cheyns et al., 15 and Vandewal et al. 16 and is also consistent with the experimental results of Rand. The maximum opencircuit voltage is reached in the limit T → 0 or when J X increases to J X = a 0 k PPr N HOMO N LUMO / max . Since max ϳ N HOMO ϳ N LUMO are all on the order of the molecular density, this final condition becomes J X = a 0 k PPr N HOMO , which states that the exciton current is delivering the maximum density of charge that recombination at the interface can sustain. It is not possible to increase J X beyond this limit since, with all PP states occupied, any additional excitons reaching the interface cannot be dissociated. Equation ͑10͒ may be viewed as an organic analog to the band-gap limitation of V oc max in inorganic solar cells established by Shockley and Queisser. 17 
B. Current-voltage characteristics in the presence of an exponential trap distribution
Most organic solar cells are characterized by significant molecular disorder in both the donor and acceptor layers, leading to a broad density of states with an approximately Gaussian energetic distribution at the HOMO and LUMO levels. [18] [19] [20] Evidence also suggests that ground-state interactions between the donor and acceptor further broaden this distribution near the HJ interface. 21, 22 The low-energy tail of the DOS, where most charge carriers reside, can be modeled as an exponential distribution of traps. 11, 20, 23 This changes the kinetics of recombination at the interface and introduces an ideality factor n Ͼ 1 in the diode equation, as shown below.
Assuming an exponential trap distribution with characteristic trap temperature, T t,A , in the acceptor, the trapped ͑n t ͒ and free ͑n͒ electron densities are related approximately via 11, 23 
where H A is the density of trap states at the acceptor LUMO, E Fn is its electron quasi-Fermi energy, E LUMO is the LUMO energy of the acceptor, and l A = T t,A / T. A similar relationship holds for the trapped hole density, p t , in the donor. Assuming that the trapped carrier density significantly exceeds the free carrier density, Eq. ͑3͒ becomes
where recombination now occurs primarily at trap states and k rec,n and k rec,p are the rate constants describing recombination at the HJ between a free electron in the acceptor ͑n I ͒ with a trapped hole in the donor ͑p It ͒, and vice versa.
Using Eqs. ͑4͒, ͑11͒, and ͑12͒ gives
where
The ideality factors, n A and n D are given by
More compactly, Eq. ͑13͒ becomes the ideal diode equation in the presence of traps
which simplifies to
when k PPd Յ k PPd,eq under forward bias ͓cf. Eq. ͑8͔͒. Here J sD and J sA are the dark saturation currents given by the prefactors in Eq. ͑13͒. Thus, in general, there are two sources of dark current stemming from the recombination of free electrons with trapped holes and vice versa. Each pathway pro-duces its own ideality factor ͑n D and n A , respectively͒ and dark saturation current, both of which depend on the balance of the voltage drop across the D and A layers as well as their characteristic trap temperatures.
In the case of a perfectly symmetric device, with identical transport properties and injection barriers for electrons and holes, Eq. ͑13͒ simplifies to
where n sym =2l sym / ͑l sym +1͒ and the subscript sym indicates parameters that are equivalent for holes in the donor and electrons in the acceptor. Solving for V oc leads to
resulting in a slope of n sym k b T / q when plotted versus the logarithm of intensity. The maximum open-circuit voltage, V oc max , still reduces to ⌬E HL − E B , since in the limit of high light intensity, the original assumption of n t , p t ӷ n , p no longer holds. In this regime all traps are filled and recombination is no longer trap limited, hence, Eq. ͑17͒ reverts to Eq. ͑9͒. Figure 2͑a͒ shows a set of dark J-V characteristics calculated using Eq. ͑13͒ over the temperature range from 120 to 296 K for a device using the parameters listed in Table II , which are typical of organic photovoltaic cells. We have included a series resistance of R s =1 ⍀ cm 2 ͑in which case, V a is replaced by V a − JR s ͒ and assumed that most of the potential is dropped across the donor layer, resulting in different ideality factors according to Eq. ͑14͒. The ideality factors and their associated dark saturation currents are given in Fig.  2͑b͒ . Both ideality factors increase with decreasing temperature, and the quantity n ln͑J s ͒, where the argument in the logarithm is implicitly normalized 5 to 1 A / cm 2 , is nonlinear when plotted vs 1 / k b T. This contrasts with previous analyses based on the Shockley equation, 5, 24 which predict a linear relationship for this quantity with a slope equal to −⌬E HL / 2.
In comparison to the dark current characteristics of many reported planar HJ organic solar cells, [4] [5] [6] we make the following observations. In the generalized Shockley equation, increasing dark current with reverse bias is phenomenologically accounted for by a shunt resistance whereas here it is due to the field-dependent dissociation of thermally generated PPs ͓i.e., k PPd = k PPd ͑F I ͔͒. The two slopes routinely observed in semilog plots under forward bias [4] [5] [6] ͑the second is only evident at low temperature for some devices͒ are not the result of a shunt resistance and a single diode ideality factor, but rather of two ideality factors that reflect recombination with trapped carriers at each side of the HJ.
In forward bias, the ideality factor n D is evident in the slope of the J-V characteristics for 0 Ͻ V a Ͻ 0.3 V whereas n A dominates at 0.4Ͻ V a Ͻ 0.7 V, beyond which series resistance from contacts and the layer bulk limits the current. The asymmetry of the voltage dropped across the donor and acceptor layers ͑␦ A = 0.1 is assumed here͒ is the primary cause of the difference in ideality factors and is expected by analogy to the asymmetries in organic light emitting devices. 25, 26 At low bias, the current is predominantly mediated by PPs formed from the recombination of free holes in the donor with trapped electrons in the acceptor. At higher bias ͑0.4 Ͻ V a Ͻ 0.7͒, the reverse process dominates, and the slope is determined by n A . As temperature decreases, carriers freeze into the trap states that constitute the tail of the DOS, and recombination becomes further trap limited, resulting in the increase in both ideality factors with temperature ͓see Fig.  2͑b͒ , Eq. ͑14͔͒. The change is small for n A , increasing from n A = 1.07 at room temperature to n A = 1.10 at T = 120 K.
FIG. 2.
͑Color online͒ ͑a͒ Calculated dark current density ͑J͒-voltage characteristics over the temperature range from 120 to 300 K in 20 K increments using Eq. ͑13͒ and the parameters in Table II . The slope in reverse bias is due to the field-dependent dissociation of thermally generated polaron pairs. In forward bias, three regions are apparent. At V a Ͻ 0.3 V, trap-limited recombination involving free acceptor electrons and trapped donor holes dominates, and the slope is proportional to the donor ideality factor, n D . At higher bias, the inverse process dominates ͑i.e., free donor holes recombine with trapped acceptor electrons͒ and the slope is proportional to the acceptor ideality factor, n A . Series resistance ͑R s ͒ limits the current at V a Ͼ 0.8 V. ͑b͒ Diode parameters n and n ln͑J s ͒ corresponding to the dark currents in ͑a͒. Both ideality factors increase with decreasing temperature, though n A does so only slightly.
In Fig. 3͑a͒ , we calculate the intensity dependence of V oc , J sc , and the fill factor, FF, from Eq. ͑13͒, using the same parameters from the dark J-V characteristics of 
III. EXPERIMENTAL METHODS
Conventional CuPc/ C 60 and SubPc/ C 60 cells were fabricated on glass substrates coated with a transparent indium-tin oxide ͑sheet resistance of ϳ15 ⍀ / ᮀ͒ anode prepatterned into 1-mm-wide stripes. All organic materials were purified by thermal gradient sublimation prior to use. Following a thorough solvent degrease of the substrate, 20 layers were deposited sequentially by thermal evaporation in a chamber with base pressure ϳ10 −7 Torr. The devices consist of 20-nm-thick CuPc or 11-nm-thick SubPc, followed by 40-nmthick C 60 , 10-nm-thick bathocuprine, and a 100-nm-thick Al cathode, deposited through a shadow mask as 1 mm stripes positioned orthogonally to the patterned anode to form 1 mm 2 device areas. Cell efficiency was characterized at room temperature in air under simulated AM1.5G illumination and found to be comparable to previously reported devices using these materials combinations. 24, 32 Temperature-dependent measurements were conducted in an evacuated, closed-cycle He cryostat using illumination from the = 496 nm line of an Ar + laser with an intensity of 30 mW/ cm 2 . The temperature of each device was measured with a Ge thermistor soldered to the substrate surface. Current-voltage characteristics were obtained using an Agilent 4156 semiconductor parameter analyzer at a voltage sweep rate of 0.2 V/s to minimize unwanted capacitive effects. The current-voltage characteristics were fit using a nonlinear least-squares trust-region algorithm with statistical weighting.
IV. RESULTS
In Figs. 4͑a͒ and 4͑b͒ , the J-V data taken over a range of temperatures are fit for both CuPc/ C 60 and SubPc/ C 60 cells to the ideal diode equation of Eq. ͑15͒ modified to include the effect of series resistance, R s
The results of Eq. ͑18͒ match the data over the entire temperature range whereas those calculated using the generalized Shockley equation 5, 7 and plotted in Figs. 4͑c͒ and 4͑d͒ show increasingly poor agreement at low temperature and voltage. Figure 5 presents the ideality factors and dark saturation currents extracted from the fits in Figs. 4͑a͒ and 4͑b͒. Both sets of ideality factors increase with decreasing temperature, similar to the prediction of Fig. 2͑b͒ , although there is a discrepancy in their overall magnitude as discussed in Sec. V. We have assigned n A to the overlapping ideality factors of CuPc/ C 60 and SubPc/ C 60 for reasons discussed below. In Fig. 5͑b͒ , the quantity n ln͑J s ͒ shows a nonlinear Arrhenius dependence in all cases, where the trend is also similar to that predicted in Fig. 2͑b͒ . Figure 6͑a͒ shows the intensity dependence of V oc under simulated AM1.5G solar illumination. Lines are calculated using Eq. ͑18͒ along with the ideality factors and dark saturation currents determined from data in Fig. 5 . The photocurrent, q PPd J X , is approximated by the short-circuit current density, J sc , measured at each intensity. The slopes are dominated by n A k b T / q for both CuPc/ C 60 and SubPc/ C 60 devices; that of n D k b T / q only becomes evident at lower intensity.
The temperature dependence of V oc under = 496 nm laser illumination is shown in Fig. 6͑b͒ . The solid lines are also calculated from Eq. ͑18͒ using the temperature dependent n and J s from Fig. 5 with the photocurrent term given by J sc measured at T = 300 K. Since the diode parameters characterize the dark current temperature dependence, we infer that the deviation at low temperature is due to a decrease in the polaron pair dissociation efficiency, PPd . The ratio, PPd ͑T͒ / PPd ͑300 K͒, calculated from this difference, is also shown in Fig. 6͑b͒ ͑dashed lines͒ and drops by a factor of ϳ40 between room temperature and T = 114 K.
In Fig. 7͑a͒ , we calculate the normalized power efficiency, p , along with V oc , J sc , and FF as a function of the polaron pair recombination rate using the model as in Figs. 2 and 3 . Current-voltage characteristics corresponding to several values of k PPr are shown in Fig. 7͑b͒ . All of the cell efficiency parameters decrease with increasing recombination rate, and the power-conversion efficiency drops most steeply for k PPr Ͼ 1 s −1 . In contrast, Fig. 8͑a͒ shows the J-V dependence on built-in potential, V bi , for the same model as in Fig. 7͑b͒ , with k PPr = ͑20 ns͒ −1 . Small V bi result in an "S"-shaped kink as observed in some small molecule and polymer organic solar cells.
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V. DISCUSSION
The trap-free and trap-limited ideal diode equations derived here ͓Eqs. ͑7͒ and ͑15͒, respectively͔ are similar in form to the Shockley equation but the interpretation of the fitting parameters ͑ideality factors, saturation current densities͒ is different due to the different nature of excited states in organic and inorganic semiconductors. In inorganic semiconductors, excitation produces free carriers directly, whereas in organic semiconductors, the result of photon ab- sorption is a tightly bound exciton that has a very low probability of dissociating unless charge transfer is initiated at a D-A HJ to form a more loosely bound polaron pair. Thus, in contrast to inorganic p-n junctions where current is due to drift diffusion and/or recombination within the depletion region, the current in organic HJs depends on polaron pair recombination and dissociation that occur over a small volume at the HJ interface.
In the absence of shunt paths or other junction defects, generation and recombination via interfacial polaron pairs is the sole source of current flow. This assumption is reasonable at low bias since PPs provide the lowest energy recombination pathway in D-A HJs with type-II ͑i.e., staggered͒ HJ energy-level offsets, and hence should be the most heavily populated state at small quasi-Fermi-level separations. As shown in paper II, this is not the case at high bias ͑V a Ͼ 2 V͒, where both SubPc and C 60 fluorescence are detected, indicating injection beyond the HJ ͑i.e., of holes into the acceptor bulk and electrons into the donor͒ with subsequent exciton formation and recombination in each of the layers. This assumption thus does not apply to organic lightemitting devices, which generally operate at high bias ͑V a Ͼ 2 V͒ and are designed to minimize energy-level offsets to maximize injection into and exciton formation in the emissive layer bulk.
As in the Shockley equation, we have assumed quasiequilibrium conditions, implying that J is negligible compared to either of its drift or diffusion components. This assumption is rigorous at low currents, but breaks down for J Ͼ 0.1 A / cm 2 , where the voltage drop due to contact and bulk series resistance becomes significant. Space charge effects may also become significant at high currents but are neglected here for simplicity. Beyond these assumptions, the trap-free current-voltage relationship and its consequences for V oc established by Eqs. ͑9͒ and ͑10͒ are of general validity. Disorder-induced and other trap states complicate the trap-free picture, as the recombination kinetics depend on the particular trap distribution chosen. Regardless of this choice, the double exponential form of the J-V relation given by Eq. ͑15͒ is a general result, as it stems from the two possible recombination pathways of free electrons with trapped holes, and vice versa.
Shockley-Hall-Read ͑SHR͒ theory provides an alternate way to describe trap-limited recombination. 7 Although this approach has previously been applied to organic solar cells, 15, 36 it assumes detailed balance of traps active for both carrier types in a single material. In contrast, the organic HJ involves two different sets of traps, active for holes and electrons in the donor and acceptor layers, respectively. The Langevin bimolecular approach of Eq. ͑12͒ is well established for organic semiconductors, 11, 12 and its application here is more appropriate than the SHR approach.
The fits of Fig. 4 demonstrate that Eq. ͑18͒ is an accurate description of the J-V characteristics, as compared to the generalized Shockley equation for CuPc/ C 60 and SubPc/ C 60 solar cells. In Fig. 5 , the similarity in n A and n A ln͑J sA ͒ between CuPc/ C 60 and SubPc/ C 60 suggests that the current component involving these terms is due to recombination with trapped electrons in the C 60 acceptor common to both HJs. Analogously, the differing n D and n D ln͑J sD ͒ suggests recombination with trapped holes occupying the different density of states characteristic of CuPc and SubPc.
The values of n and J s from Fig. 5 give rise to the intensity and temperature dependencies of V oc in Fig. 6 . Only one slope is evident in Fig. 6͑a͒ for each device. We expect a second slope, as predicted in Fig. 3͑a͒ to become apparent at low intensity or low temperature. In Fig. 6͑b͒ , the deviation in calculated V oc from the data at low temperature is due to the drop in polaron pair dissociation efficiency, as expected from the Onsager-Braun model 10, 11 and replicated in Fig.  3͑b͒ .
The theoretical and experimental ideality factors ͓as shown in Figs. 2͑b͒ and 5 , respectively͔ all increase superlinearly with decreasing temperature. However, the experimental values are roughly a factor of 3-4 times larger than predicted and, in the case of n A , the predicted change is much less than that observed. The magnitude of the change in ideality factor with temperature is strongly dependent on the particular combination of trap temperature/distribution type, and the potential distribution in the device ͓see Eq. ͑14͔͒. The difference in n A is partially attributed to the particular C 60 trap distribution that, in contrast to the exponen- Fig. 7͑b͒ with k PPr = ͑20 ns͒ −1 . ͑b͒ Schematic illustrating the physical basis for the S-kink observed in ͑a͒. The top panel shows the dependence of the internal field, F I , and polaron pair dissociation efficiency, PPd , on the applied bias, V a . Dissociation is aided by F I Ͻ 0. The lower panel shows the corresponding photocurrents, which sum with the dark current to give the total current ͑dashed lines͒. When V bi is small, the internal field reaches zero at small V a , resulting in a rapid change in photocurrent before the dark current becomes appreciable, leading to the S-kink as shown.
tial distribution of CuPc, 37 is known to develop both shallow and discrete levels even in the presence of minute ambient concentrations of O 2 and H 2 O. 38 Additionally, since ␦ D and ␦ A do not cancel as in the trap-free case, changes in the potential distribution across the D and A layers with bias and/or temperature will influence the ideality factors. For example, an increase in the potential dropped across the acceptor with decreasing temperature would lead to a correspondingly greater increase in n A over the same interval. This remains a difficulty for the exponential-trap model, so we emphasize that its primary predictions are two ideality factors that increase superlinearly with decreasing temperature.
The discrepancy in magnitude between the theoretical and observed ideality factors is attributed to our implicit use of the conventional Einstein relation, which may not be appropriate for disordered semiconductors. 19, 39 Indeed, the generalized Einstein relation can be written D / = ͑k b T / q͒, where D is the diffusivity and the enhancement factor, , depends on the particular density of states or trap distribution function. The ideality factors scale in direct proportion to and in the case of an exponential trap distribution, 40 Hence, for T t = 1000 K assumed in Table II , the 3-4 times discrepancy in magnitude is accounted for when the generalized Einstein relation is employed.
Previously, V oc was observed to saturate at T ϳ 175 K for a number of different HJs, 3, 5 whereas other recent reports 16, 30 and our data in Fig. 6͑b͒ show a monotonic increase with decreasing temperature. The reason for this discrepancy might lie in the difficulty of accurately measuring device temperature under illumination on a thermally insulating glass substrate. A plateau in V oc at intermediate temperature is not predicted in Fig. 3͑b͒ using the parameters in Table II . However, in some asymmetric HJs with different D and A layer thicknesses, trap temperatures, and injection barriers ͑i.e., a and c ͒, a plateau is found to emerge between T = 100 and 150 K. As shown in Fig. 7 , the solar power conversion efficiency depends critically on the polaron pair recombination rate, k PPr . The decline in J sc is due to the decrease in PP dissociation efficiency with increasing k PPr , and the drop in V oc follows Eq. ͑9͒. Physically, k PPr describes either the direct recombination of the D + -A − charge transfer state, or its indirect recombination, e.g., via a lower-lying triplet state. Estimates for this parameter generally range between 1 ns −1 and 1 s −1 , as supported by polaron transient absorption kinetics, 41 electronic modeling of D-A excited states, 42 and Monte Carlo simulations of geminate recombination. 43 Finally, the "S-kink" behavior found in many organic HJ cells [33] [34] [35] in Fig. 8͑a͒ is explained schematically in Fig. 8͑b͒ . The top panel illustrates the shift in zero crossing of the internal field ͑F I Ͻ 0 favors dissociation͒ toward positive applied bias with increasing V bi . It leads to a similar shift in the PP dissociation efficiency, PPd , and hence to a concomitant shift in the photocurrent ͓cf. Eq. ͑7͔͒.
The lower panel shows that the total current is the sum of the dark and photocurrents. The S-kink appears when the slope of the photocurrent, as determined by PPd , is large in the fourth quadrant at low bias, and when the dark current is not yet significant. At room temperature, this typically occurs for a combination of large k PPr ͑e.g., Ն10
7 s −1 ͒ and small V bi ͑e.g., Յ0.3 V͒. In contrast, at low temperature this feature emerges for a much broader range of V bi and k PPr , since under these conditions, k PPd is small, shifting the PPd curve ͑see top panel͒ toward low applied bias. An S-kink is thus expected to be a general feature in the J-V characteristic of organic HJ solar cells under illumination at low temperature.
Understanding and minimizing the PP recombination rate is clearly important for achieving high-efficiency organic solar cells. The k PPr employed in the Onsager-Braun model may, in fact, be the result of multiple recombination pathways, potentially involving intermediate states, and depending on such factors as mutual orientation and orbital overlap between the donor and acceptor molecules at the heterointerface. For example, Perez et al. linked the degree ofoverlap and intermolecular interaction between the donor and acceptor to the dark saturation current and V oc in a broad selection of molecules. 24 Both of these factors depend directly on the magnitude of k PPr . Additionally, rapid intersystem crossing between singlet and triplet PP configurations due to the small exchange splitting can make recombination via a triplet exciton favorable if such a state exists below the PP energy. 41, 44 Further investigation into the nature of k PPr at CuPc/ C 60 and SubPc/ C 60 HJs is the subject of paper II. 8 Finally, we note that the double exponential currentvoltage characteristic is not unique to organic heterojunctions but is rather a general result that follows whenever two recombination pathways of different order exist at a junction. For example, in inorganic p-n junctions, one often observes a transition from sub-linear, trap-limited recombination in the depletion region at low bias ͑ideality n ϳ 2͒ to drift/diffusion current at higher bias ͑ideality n =1͒, where "drift/diffusion" is recognized simply as linear recombination in the quasineutral bulk. 7, 45 Ideality factors Ͼ2 result from recombination that accompanies broad, continuous trap distributions, and hence are most often observed for amorphous organic and inorganic ͑i.e., a-Si: H͒ junctions. 46 
VI. CONCLUSION
We have derived an analytical model that describes the current-voltage characteristics of organic heterojunctions. The model is based on polaron pair generation and recombination processes at the donor-acceptor interface and leads to an ideal diode equation that is demonstrated for small molecule organic planar heterojunctions. These results should also be generally applicable to polymer and small molecule bulk heterojunctions, although the required electrostatic calculations are more complicated in this latter case owing to the increased dimensionality of the junction.
In particular, the dark current is shown to be directly proportional to the polaron pair recombination rate, and the open-circuit voltage is ultimately limited by the difference between the donor-acceptor interface energy gap and the polaron pair binding energy, as observed previously. 5, 16 We propose that recombination at traps within the disorder-induced density of states tail in each material at the D-A heterointerface results in two, temperature-dependent ideality factors, and a commonly observed double exponen-tial J-V characteristic. Using an exponential trap distribution, we have reproduced the trends observed for the dark current, V oc , and J sc as a function of temperature and intensity.
Our results lead to the following interpretation of the current vs voltage characteristics. ͑1͒ The reverse-bias slope of the dark current reflects the increasing dissociation probability of thermally generated PPs at the HJ. ͑2͒ In forward bias, there are two exponential regions, each with its own ideality factor stemming from recombination with trapped/immobile carriers at each side of the HJ. ͑3͒ The ideality factors are interpreted as the extent to which trap-limited recombination ͑one free and one immobile carrier͒ dominates over free carrier recombination ͑both carriers mobile͒. ͑4͒ The ratio of the two exponential current components under forward bias reflects the relative contribution of free donor holes recombining with trapped acceptor electrons vs the reverse process to the total current density. ͑5͒ Large ideality factors ͑Ͼ2͒ are due to a broad trap DOS distribution and/or large asymmetries in the potential dropped across the donor and acceptor layers. ͑6͒ Both ideality factors increase with decreasing temperature as more carriers freeze into the DOS tail and trap-limited recombination increases.
We have identified the polaron pair recombination rate as a critical parameter for cell efficiency that is poorly characterized to date. In paper II, 8 we directly investigate the nature of this process for the organic HJs studied here. 
APPENDIX: CALCULATION OF THE INTERFACIAL ELECTRIC FIELD
The interfacial electric field is required to calculate the polaron pair dissociation efficiency, PPd , in Eqs. ͑7͒ and ͑15͒. Assuming that free carriers determine the potential distributions in their respective layers ͑e.g., holes ͑p͒ in the donor and electrons ͑n͒ in the acceptor͒, then in quasiequilibrium, pF Ϸ DpЈ͑x͒, and the Poisson equation gives FFЈ − ͑D / ͒FЉ=0. 15 Here, D is the diffusion coefficient, is the mobility of the charge under consideration, and F is the electric field. Assuming the Einstein relation between D and and defining ␤ = q / k b T, these equations may be solved as in Ref. 32 or they may be integrated once and solved as a Riccati equation. when C 1 0, for both positive and negative values of C 1 . As in the text, F I and p I are the electric field and hole density at the donor-acceptor interface located at position x = 0. Since both the hole density at the interface and at the contact ͑x = x C ͒ are known from Eqs. ͑4͒ and ͑6͒, Eq. ͑A2b͒ can be solved implicitly for F I .
For the case of an exponential trap distribution, where we assume p t ӷ p, trapped carriers dominate the field distribution and the Poisson equation is FЈ Ϸ qp t / . Since quasiequilibrium maintains for free carriers, the analog of Eq. ͑11͒ for holes is used to obtain FFЈ − ͑Dl D / ͒FЉ= 0. Thus, Eqs. ͑A1͒ and ͑A2͒ remain valid upon substituting ␤ → ␤ / l D , where Eq. ͑A2b͒ now refers to the trapped hole density. Using Eq. ͑11͒ to relate the trapped ͑p C,t ͒ and free ͑p C ͒ hole densities at the anode, with the latter given by Eq. ͑6͒, we use p It = p C,t exp͓−q␦ D ͑V a − V bi ͒ / l D k b T͔ and Eq. ͑A2b͒ to again solve for F I .
After determining F I , the polaron pair dissociation efficiency is calculated using the Onsager-Braun model, 10 which we summarize here. Given an initial PP separation, a 0 , the dissociation rate k PPd is k PPd = 3 4a 0 3 k rec exp͑− E B /k b T͒
, ͑A3͒
where b = q 3 F I / ͑8k b 2 T 2 ͒ and J 1 is the Bessel function of order 1. To account for disorder, we take a range of initial separations according to the normalized distribution function 13 f͑x͒ =4/ ͑ ͱ a 0 3 ͒x 2 exp͑−x 2 / a 0 2 ͒ and integrate it over the entire current density expression, since k PPd appears independently in addition to PPd .
The validity of Eq. ͑A3͒ for negative fields ͑i.e., when F I reverses direction under sufficient forward bias͒ is unclear, and its numerical evaluation becomes unstable for F I Ͻ −10 4 V / cm. Analogy to the Onsager theory suggests 11 that k PPd retains it zero field value at F I Ͻ 0, however, this discontinuity seems unphysical, and Monte Carlo simulations show that the dissociation efficiency at a D-A heterojunction does indeed decrease for fields directed toward the HJ. 48 Thus, when F I Ͻ 0, we take the zero field k PPd and augment the PP binding energy with the additional barrier −qF I r c cos , where r c = q 2 / ͑4k b T͒ is the Onsager radius. 11 We then average over the forward half space of angles − / 2 Ͻ Ͻ / 2 between the PP separation vector and the HJ normal to account for the distribution of initial PP orientations. 48 *stevefor@umich.edu
